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Heusler alloys are promising materials to be applied as spin injectors in the rapidly developing field of spin electronics (spintronics) because they belong to the materials class of magnetic half-metals. As first evidenced by firstprinciples calculations [1] , these systems are characterized by a metallic density of electronic states at the Fermi level ( F ) for one spin channel, while the states for the other spin channel display a gap at F , leading to 100% spin-polarized metallic conductivity. Among this group, the intermetallic compound Co 2 MnSi, a so-called full-Heusler alloy, offers special advantages: it has the highest Curie temperature amongst the known Heusler alloys (T c 985 K) [2] and a rather wide gap in the minority spin channel [3] . However, the desired half-metallic properties can be lost near surfaces or interfaces. While for spin injection the electronic structure of the half-metal-semiconductor interface is crucial [4] , surfaces are more easily accessible experimentally than interfaces, and hence lend themselves to a systematic study of the factors governing the possible loss of halfmetallicity. Moreover, recent interest in spin-polarized tunneling diodes and scanning tunneling microscopy [5] gives relevance to half-metallic surfaces as a research topic in its own right.
Here, we present a comprehensive theoretical investigation of the (001) surface of Co 2 MnSi. This surface is important for envisaged epitaxial growth of Co 2 MnSi on Ge(001) or GaAs(001), materials to which it is very closely lattice matched. So far, ab initio calculations have been performed only for the standard Co and MnSi terminations of Co 2 MnSi001 thin films [6] . In these calculations, which did not take into account any structural relaxation, it was found that the (001) surface is no longer halfmetallic, and that the spin polarization at the Fermi level is negligible. Experimental work on Co 2 MnSi thin films has so far mostly focused on preparation techniques and the crystallinity and magnetic properties of the films [7] [8] [9] . Very recently two experimental groups reported a spin polarization of about 60% at low temperatures for Co 2 MnSi thin films [10, 11] .
In this Letter, we present density functional theory (DFT) calculations demonstrating that it is possible to retain the half-metallicity of Co 2 MnSi by appropriate termination at the (001) surface. Our results have been obtained by using the WIEN2K code, a full-potential linearized augmented-plane-wave code [12] . In order to validate the appropriateness of the approximation to the exchangecorrelation energy, we have calculated the bulk properties of Co 2 MnSi both in the local-density approximation (LDA) and in the generalized gradient approximation (GGA). We found that the theoretical lattice constant of the GGA (5.63 Å ) agrees well with the experimental value (5.65 Å ), while LDA predicts a considerably smaller value (5.51 Å ). At the experimental lattice constant, both approximations lead to a similar half-metallic density of states (DOS), with almost the same position of F with respect to the top of the minority valence band, and a minority band gap of 0.5 and 0.7 eV within LDA and GGA, respectively. Therefore we will use GGA for the below reported thin film calculations. However, to validate important results, these have been also tested with LDA. The surfaces have been simulated using a supercell containing 15 atomic layers, a 10 Å vacuum region, and a (1 1) surface periodicity. We verified that this slab is thick enough to reproduce well the bulk values of the atomprojected DOS, as well as the bulk magnetic moments, at the center of the slab. Muffin-tin radii of 2.0 bohr for Co and Si and 2.1 bohr for Mn together with a cutoff energy for the interstitial plane-wave basis of 15.2 Ry were used. Sampling of the surface Brillouin zone was performed with a regular mesh of (12 12) k points, and convergence of the results was checked by comparing with a (16 16) k-point mesh.
The L2 1 structure of Co 2 MnSi in (001) direction consists of alternating Co and MnSi planes (see Fig. 1 left) , with the Mn and Si positions interchanged in subsequent MnSi planes. Therefore, there are two possible ideal MnSi and Co terminations. We have modified these two terminations by replacing the surface elements by other ele-ments of the system or vacancies, leading to 15 different surface terminations of the (001) surface realized within the 1 1 unit cell, and calculated their stability within ab initio atomistic thermodynamics. The four terminations found to be stable are discussed in more detail: MnSi, MnMn (replacing Si with Mn in the MnSi surface), SiSi (replacing Mn with Si in the MnSi surface), ÿSi (replacing Mn with a vacancy in the MnSi surface), where in all cases the subsurface layer consists of Co atoms. In the calculations, the atomic positions are fully relaxed, except the atoms in the five central layers of the slab.
In ab initio atomistic thermodynamics [13, 14] , the surface free energy, T;p i GT;p i ÿ i N i i T;p i =A obtained from DFT calculations is used to assess the stability of a particular surface termination. Here, G is the Gibbs free energy of the film, N i and i are the number and the chemical potential of the ith element, and is the free energy per unit of surface area. Since we like to consider surfaces that are in thermodynamic equilibrium with the bulk, two independent chemical potentials are sufficient to describe the dependence of surface stability under varying experimental conditions. We select the chemical potential of Co and Mn, because, in experiments, the evaporation of Co and Mn is simpler than that of Si, and therefore changes of Co and Mn in the grown film can be achieved by depositing under slightly nonstoichiometric conditions. The phase diagram shows the surface with the lowest surface free energy for a given pair of values ( Co ; Mn ). As discussed in other studies [14] , it is often a good approximation to calculate surface free energies from the differences of DFT total energies alone, namely, when vibrational contributions to the free energy can be assumed to cancel out. We have tested this assumption for our system using the Debye model for the phonon spectrum. The Debye temperature of Mn, Co, and bulk Co 2 MnSi is 410, 445, and 456 K, respectively [15, 16] , and for the slab we use the general rule that the Debye temperature at the surfaces decreases about 50%-70% with respect to the bulk value [17] We note that the regions outside the stability limits could still be reached in experiment by sufficiently fast nonequilibrium growth. Figure 1 shows the calculated phase diagram of the various considered surfaces. In addition to the cases listed in the figure, we have considered five other surfaces (CoCo, CoSi, CoMn, and Coÿ surfaces on a MnSi subsurface layer, and Mnÿ on a Co subsurface layer) and found all of them to be unstable with respect to other terminations that appeared in the phase diagram. Moreover, for the MnMn surfaces we have considered both ferromagnetic and antiferromagnetic ordering of the Mn magnetic moments, and found that on a Co subsurface layer, inter-and intra-planar ferromagnetic coupling is preferred, while on a MnSi subsurface layer antiferromagnetic coupling with the subsurface Mn atoms is favorable. The phase diagram clearly shows that most parts of the accessible region (bound by thick dashed lines in Fig. 1 ) are realized by the MnSi and ÿSi terminations. However, for Si-poor conditions the MnMn termination can be stabilized. This observation has important implications for the magnetic and electronic properties of the surface, as we will see below. Furthermore, the SiSi termination may be stable for very Si-rich conditions.
In Table I , we list various calculated parameters for the four stable terminations. The clear enhancement in the magnetic moment of the Mn atoms at the surfaces with 
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096402-2 respect to the bulk value is due to the well-known effect of symmetry breaking at the surface. The reduced number of Co neighbors at the surface leads to a rehybridization of the Mn atom, and thus to a transfer of almost half of its spindown d electrons into the spin-up channel, resulting in an increased magnetic moment. The magnetization of the subsurface Co atoms, in all cases except the ÿSi surface, is close to the bulk value, and increases slightly by increasing the number of Mn atoms at the surface. In the bulk Co 2 MnSi, Si has a weak magnetic moment antiparallel to the Mn atoms, and at the MnSi surface, enhancement of the magnetic moment of Mn increases slightly the magnetic moment of Si in the opposite direction. We calculate the surface spin polarization at the Fermi level P S from the DOS projected onto the atomic orbitals of both the surface and subsurface atoms. As a general trend, we see that it increases by increasing the number of Mn atoms at the surface. The negligible value of the surface buckling z for the MnMn surface indicates the high smoothness of this surface. The outstanding result in this Table is the halfmetallic character of the Mn-capped film.
Next, we turn to the electronic structure of the different surface terminations. As the main result, Fig. 2 displays the DOS of minority spin of Co 2 MnSi films, for all terminations found to be stable. In all cases surface states located in the minority spin gap are detected.
For the stable standard surface, the MnSi termination, a single surface band appears which crosses the Fermi level [see Fig. 2(c)] , and hence destroys half-metallicity. In the partial DOS, it shows up as a peak right at the Fermi level, mostly derived from Co d states, while a small energy gap persists above the Fermi level. We note that the sharpness of this peak renders the surface spin polarization in this system very sensitive to the accurate position of the Fermi level. We attribute discrepancies between published calculations [6, 19] of the spin polarization to this sensitivity.
For the pure Si surfaces (ÿSi and SiSi), we find that the minority spin gap is completely filled by three surface state bands, two of them crossing the Fermi level [see Fig. 2 (a) and 2(b)]. In the case of the ÿSi surface, similar to the MnSi surface, we observe a sharp peak almost at the Fermi level that leads to a negative surface spin polarization (Table I) , while due to the larger dispersion of the surface states at the Fermi level the spin polarization at the SiSi surface almost vanishes. At the MnMn surface, however, a well-defined gap persists at the surface, and the Fermi level is located inside this gap, which makes the film an ideal half-metal. Surface states show up only in limited regions of the surface Brillouin zone: an unoccupied state, predominantly derived from Mn d orbitals, arises around the ÿ point (in LDA we found that this state starts to be occupied). The partially filled, Co-derived surface state present for MnSi termination has turned into a surface resonance for this system and can only be observed near the X point [see Fig. 2(d)] .
In order to understand how a specific surface termination affects the half-metallicity, we need to discuss the electronic structure of the Co 2 MnSi full-Heusler alloy in qualitative terms. While the Si sp orbitals contribute to the bonding states far below the Fermi level, the electronic states around F are almost entirely derived from the metal Fig. 2(d) ], which are well below the Fermi level. Hence, the half-metallic character of the bulk material is retained at the surface.
In summary, our calculations show that the half-metallic properties of the bulk Co 2 MnSi Heusler alloy need not be destroyed at surfaces. Spin-polarized STM studies
